Macroecology of the host determines microecology of endobionts: protozoal faunas vary with wild ruminant feeding type and body mass
Introduction 44
Herbivores rely on symbiotic microbes for digestion of plant cell walls; these microbes not 45 only includes bacteria, archeae, and fungi, but also protozoa (Stevens & Hume 1998) . 46
Protozoa occur in the contents of the digestive tract in herbivores as diverse as marsupials, 47 rodents, lagomorphs, primates, elephants, rhinos, tapirs, equids, suids, tayassuids, hippos, 48
camelids (e.g. Carl & Brown 1983 , Dehority 1986b , Lelkes & Chang 1987 , Borges, 49 Dominguez-Bello & Herrera 1996 , Cameron 2003 , in the hoatzin (Opisthocomus hoazin), a 50 herbivorous bird (Dominguez-Bello, Ruiz & Michelangeli 1993) -and in ruminants. The role 51 of protozoa in digestive processes is still unresolved, and domestic ruminants can live without 52 them without evident disadvantage (Eugène, Archimède & Sauvant 2004) . Therefore, the 53 presence of a protozoal fauna is not considered essential for herbivores. 54 55 A large body of literature has been produced on protozoa in ruminants, including on variation 56 according to geographic region, season, location in the rumen, feeding regime, and diet 57 composition (Müller 2010) . General rules are difficult to extract, because of the large 58 variation in study design and measurements. Among the effects demonstrated are a reduction 59 in protozoa counts with fasting, an increase with increasing feeding frequency, an increase 60 with an increased proportion of a concentrate food in the diet (but a decrease once so much 61 concentrate is fed that conditions in the rumen become acidotic), and various effects of 62 specific nutrients, additives, or secondary plant compounds (Müller 2010) . Different groups 63 of protozoa are recognized; among the most prominent are the subfamilies Entodiniinae, 64 Diplodiniinae, Ophryosoleicinae, and the family Isotrichidae (the 'holotrichs') (Hungate 65 1978 , Jouany, Demeyer & Grain 1988 , Dehority 1993 . 66 67 A quantitative evaluation of literature on domestic cattle yields the following results: the 68 proportion of forage/roughage in the diet is not correlated to the total number of protozoa, but 69 Dehority 1990 , Dehority 1994 , Deutsch, Lechner-Doll & Wolf 1998 . In 148 contrast, the literature does not suggest an influence of body mass on protozoa concentrations. 149
150

Methods
151
We conducted a literature search, using Zoological Records, PubMed, and Google Scholar, 152 using the terms 'protozoa', 'rumen', 'ciliates', and the genus and species names of wild 153 ruminant species, which initially yielded > 200 000 hits. These were checked for articles 154 relating to rumen protozoa. The reference lists of the remaining publications were used to 155 complete the literature collection. Our aim was to achieve a collection of data on wild 156 ruminants as complete as possible, and the final count was 162 publications with 128 157 quantitative datasets. For domestic ruminants, completeness of the literature collection was 158 not aimed for. 159
160
Based on the classifications available from the sources, protozoa were categorized as 161 Entodiniinae, Diplodiniinae, Epidiniinae, and Isotrichidae (Hungate 1978 , Jouany, Demeyer 162 & Grain 1988 , Dehority 1993 , and as 'others'. Following , we 163 expressed protozoa concentrations as 10 4 /ml (assuming 1 ml = 1 g when concentrations were 164 given per gram rumen fluid), and the proportions of the protozoa groups as % of all species. 165
Means were calculated for each ruminant species, excluding data from captive animals on 166 artificial food (zoo animals), but including data from game ranches where animals mostly 167 lived off the natural vegetation. We calculated means for all reported data, omitting cases 168 where absence of protozoa had been reported. The resulting dataset is in Table 1 ; the full data 169 collection with each individual data entry is in Müller (2010) , and sources for the collection 170 are in Appendix 2. 171 Data on mean species BM were calculated from Silva and Downing (1995) . As in more recent 173 evaluations of the influence of adaptation to the natural diet in ruminants (Clauss, Kaiser & 174 Hummel 2008) , the percentage of grass in the natural diet (%grass) was used to characterize 175 species on a continuous scale. The bulk of the respective data were taken from Van Wieren 176 (1996) and from the data collection that formed the basis of Owen-Smith (1997, data kindly 177 provided by the author), which were supplemented by several other publications (Clauss et al. 178 2006 , 2008 , Hofmann et al. 2008 , Clauss et al. 2009a , 2010 . Whenever seasonal data were 179 available, the %grass used to characterise a species represents the mean of the values from 180 different seasons. This literature data was collated from a variety of sources and methods, and 181 does not represent the actual diet ingested by the individuals measured in this study. As in 182 similar studies, the limitations of our approach need to be stated, such as that different 183 measurements used to characterize a species do not derive from the same individual and most 184 likely not even from individuals of the same population (in terms of geographical location and 185 time). This applies to both the BM used and to the proportion of grass in the natural diet. 186
Ideally, morphophysiological measurements and dietary history information should be 187 derived from the same specimens -a requirement that can only be achieved for species in 188 which isotope analysis in bone or teeth allows a quantification of the proportion of grass and 189 browse ingested by a specimen used to measure other parameters (Codron et al. 2008). 190 However, in large-scale comparative analyses as this, using species-related information from 191 different sources is acceptable. 192
193
Relationships among ruminant species were inferred for three data sets (35, 40, and 45 taxa) 194 from a phylogenetic tree based on the complete mitochondrial cytochrome b gene. Respective 195 DNA sequences were available from GenBank (http://www.ncbi.nlm.nih.gov) for all 196 ruminant species. Sequences were aligned using CLUSTALX (Thompson et al. 1997), visually 197 controlled and trimmed to identical lengths (1140 bp). To select the best-fitting nucleotide 198 substitution model for the data, we used the software jMODELTEST (v.0.1.1; Posada 2008). 199 Analysis was based on a hierarchical likelihood ratio test approach implemented in 200 jMODELTEST. The model selected for all three data sets was the general time-reversible 201 (GTR) model (Lanave et al. 1984 , Tavaré 1986 ) with an allowance both for invariant sites (I) 202 and a gamma (G) distribution shape parameter (α) for among-site rate variation (GTR+I+G) 203 (Rodriguez et al. 1990 ). parameters were then performed using the maximum likelihood (ML) method implemented in 208 TREEPUZZLE (v.5.2; Schmidt et al. 2002) . Support for nodes was assessed by a reliability 209 percentage after 10000 quartet puzzling steps; only nodes with more than 50% support were 210 retained. The resulting tree (45 taxa only) is displayed in Figure 3 . In order to meet the input 211 requirements for the phylogenetic analysis implemented in the COMPARE 4.6 program 212 (Martins 2004) , we resolved the remaining polytomies to full tree dichotomy by introducing 213 extreme short branch lengths (l = 0.000001) at multifurcating nodes. Taxa grouping in the 214 bifurcating process followed the phylogenies proposed by Pitra et al. (2004) for Cervidae and 215
by Fernandez and Vrba (2005) for all other taxa. 216
217
The subjects of the comparative analyses were individual ruminant species, each 218 characterized by its respective mean measurement as described above. Statistical analyses that 219 relate to ruminant species were performed with and without accounting for phylogeny to test 220 for the validity of a general, functional hypothesis and then to discriminate between 221 convergent adaptation and adaptation by descent. Data were analysed by correlation (when 222 only protozoa variables were compared) and general linear models (when the influence of 223 both feeding type and BM on a variable were investigated). To include phylogenetic 224 information, we used the Phylogenetic Generalized Least-Squares approach (Martins & 225 Hansen 1997 , Rohlf 2001 in which a well-developed standard statistical method was 226 extended to enable the inclusion of interdependencies among species due to the evolutionary 227 process. To test the robustness of the results, each comparative analysis was performed for 228 both a respective phylogenetic tree involving branch lengths (tree 1) and its counterpart tree 229 based only on the phylogenetic topology (tree 2). As the results from these two methods had 230 no relevant differences in the results, only the tests using tree 1 are given here. The 231 COMPARE 4.6 program (Martins 2004) 
Results
236
The final dataset collated for this study is in Table 1 . The Spearman correlation coefficients 237 between different parameters characterizing the protozoa fauna of the ruminant species 238 involved are in Table 2 . In particular, the number of protozoa species ('diversity') did not 239 significantly correlate with total protozoa concentration, but it showed a significant negative 240 association with the proportion of Entodiniinae and a significant positive association with the 241 proportions of Diplodiniinae, Isotrichidae, and "other" species (Table 2) . Total protozoa 242 concentration was not significantly associated with the proportion of any specific protozoa 243 group. Significant negative correlations were found between the proportion of Entodiniinae 244 and that of Diplodiniinae (Fig. 4) or 'other' species (Table 2) , and the proportion of 245 Diplodiniinae was positively associated with that of 'other' species and tended to correlate 246 (p=0.080) with that of Isotrichidae (Table 2) . 247
248
Results from the general linear models for the influence of both BM and feeding type on 249 characteristics of the protozoal fauna of wild ruminants are in Table 3 . Generally, analyses 250 using the raw data and Phylogenetic Generalized Least-Squares yielded similar results, 251 indicating a truly convergent effect of body mass or natural diet. The number of protozoa 252 species (Fig. 5a ) and the proportion of Isotrichidae were positively related to BM, but were 253 not significantly influenced by the percentage of grass in the natural diet (Fig. 5b) . The total 254 protozoa concentration and the proportions of Entodiniinae, Diplodiniinae, and 'other' species 255 did not depend on BM, but were significantly related to the percentage of grass in the natural 256 diet: The total protozoa concentration ( Fig. 5d ) and the proportion of Entodiniinae (Fig. 5e)  257 decreased, whereas the proportion of Diplodiniinae (Fig. 5f) 
Limitations of this study 273
The protozoal fauna of ruminants is influenced by numerous environmental factors, such as 274 seasonal variation in diet , Brüggemann, Giesecke & Walser-Käst 1967 , 275 Pearson 1969 , Westerling 1970 , Kulkerni et al. 1971 , Van Hoven 1975 , Hobson, Mann & 276 Summers 1976 , Van Hoven 1978 , Drescher-Kaden 1981 , 277 diurnal variation mostly linked to feeding events (Dehority & Mattos 1978, note that 278 Drescher-Kaden 1981 did not find diurnal variation in chamois and red deer), geographical 279 variation (Clarke 1964) , and by differences according to the rumen region sampled (Dehority 280 1984, Abe, Nakagawa & Iriki 1986), or, generally, by differences in the experience of the 281 investigator and the method used for protozoa isolation and identification. In particular, the 282 finding that protozoa diversity (number of species identified) was negatively related to the 283 proportion of Entodiniinae but positively to that of Diplodiniinae, Isotrichidae and 'other' 284 species (Table 3) could be an indication that investigator experience may have biased the 285 results; one could, from these findings, speculate that many investigators could reliably 286 identify Entodiniinae but not other protozoa groups. All these factors could not be controlled 287
for in the calculation of species averages in this study, yet might have influenced individual 288 results. However, for global comparisons using a large number of species such as performed 289 here, our procedure is acceptable, yields interesting patterns, and thus generates new 290 hypotheses that might be tested in controlled experiments. Such experiments should also be 291 based on genetic methods for protozoa quantification rather than the morphological approach 292 used in all the studies included in this data collection. 293
294
Protozoa groups: Entodiniinae and Diplodiniinae 295
The proportion of Entodiniinae was negatively correlated with the percentage of grass in the 296 natural diet (Fig. 5e ) but not with BM (Table 3 ). This resembles the pattern observed in 297 domestic cattle (Fig. 1a) , where Entodiniinae decrease with an increasing proportion of 298 roughage in the diet. The proportion of Diplodiniinae was positively correlated with the 299 percentage of grass in the natural diet ( Fig. 5f ) but not with BM (Table 4 ). This again 300 resembles the pattern observed in domestic cattle (Fig. 1b) , where Diplodiniinae increase with 301 an increasing proportion of roughage in the diet (Hungate 1966 , Oshio 1987 . The dichotomy 302 between Entodiniinae and Diplodiniinae in the rumen of wild ruminants is one of the 303 fascinating findings of this study and indicates either a clear difference in the conditions 304 favourable to either group or a strict competition between them (Fig. 4) ; given the opposite 305 relationships with %grass of both subfamilies, a direct competition can be ruled out. 306
307
Our findings suggests that some similarities occur between the natural diets of browsers/ 308 intermediate feeders and concentrate diets for domestic ruminants on the one hand, and 309 between the natural diet of grazers and roughage diets for domestic ruminants on the other. 310
The diet of browsers has traditionally been termed 'concentrate' (Clauss, Hume & Hummel 311 2010) in spite of empirical evidence that it does not resemble concentrate feeds in its nutrient 312 composition and digestibility (Robbins 1993 , Codron et al. 2007a , Clauss & Dierenfeld 2008 , 313 Clauss, Kaiser & Hummel 2008 . However, in comparison to grass and grass-based 314 roughages, browse and concentrates share a pattern of fast fermentation (although 315 concentrates ferment quite faster than browse) (Hummel et al. 2006a , Hummel et al. 2006b , 316 the likely reason behind the lower pH measured in rumen fluid of browsing as compared to 317 grazing ruminants (Jones et al. 2001) . The other reason for a difference in rumen pH between 318 ruminant species may lie in the digestive physiology. Some ruminants ('moose-type' 319 ruminants; mostly browsers) have a lower rumen fluid throughput than others ('cattle-type' 320 ruminants; intermediate feeders and grazers) (Clauss, Hume & Hummel 2010 ); a higher fluid 321 throughput may be linked to a higher buffering capacity and hence to a higher pH. According 322 to and Goad et al. (1998) , protozoa species differ in their 323 susceptibility to differences in pH; Entodiniinae and Isotrichidae appear less affected by low 324 pH compared to Epidiniinae and Diplodiniinae. This suggests that Entodiniinae are favoured 325 by lower, yet physiological pH ranges, and that some other protozoa species can better 326 compete with Entodiniinae when the pH increases. However, Dehority (2005) found no 327 differences acid tolerance between representatives of different protozoa subfamilies including 328 Entodiniinae; this author suggested that not pH itself, but other factors related to it, must be 329 responsible for the effects observed in previous studies. 330
331
The difference in rumen physiology may affect the protozoal fauna in several other ways. In 332 vitro, protozoa groups differ in their susceptibility to oxygen (Quinn, Burroughs & 333 Christiansen 1962) ; Entodiniinae were less susceptible to oxygen than Diplodiniinae, whereas 334
Isotrichidae were the least susceptible. The higher rumen fluid throughput in grazing 335 ruminants (Clauss, Hume & Hummel 2010 ) may result, by displacement, in a lower 336 oxygenation of rumen contents and thus favour other protozoa than Entodiniinae. Dehority 337 (1984) found that the concentration of Entodiniinae was higher in the fluid fraction of ruminal 338 contents, whereas that of Diplodiniinae was higher in the particulate fraction of rumen 339 contents; this finding does not negate the capacity of Entodiniinae to generally attach to 340 particles. As 'cattle-type' ruminants are characterised by both a high fluid throughput and a 341 long particle retention (Hummel et al. 2005 , Clauss, Hume & Hummel 2010 , their 342 physiology would favour Diplodiniinae. However, the outflow of protozoa from the rumen is 343 generally lower than that expected based on fluid outflow alone, indicating sequestration of 344 protozoa to either ingesta particles or the rumen wall (Weller & Pilgrim 1974 , Leng et al. 345 1981 , Leng, Dellow & Waghorn 1986 (Clauss, Hummel & Streich 2006 , Hummel et al. 2006b ), this does not hold true 358 for fluid retention; in some typically grazing species, fluid retention in the rumen is actually 359 relatively short (Clauss, Hummel & Streich 2006 , Clauss, Hume & Hummel 2010 . In 360 addition, comparative investigations on the generation time of protozoa are lacking. Notably, 361 most species that have been investigated for their generation time belong to the Entodiniinae, 362 with only few data available for Diplodiinae (Dehority 2004) , and none for Isotrichidae. The 363 observation that Isotrichidae are more susceptible to dilution (and hence the effect of retention 364 times) than other protozoa groups derives from in vitro continuous culture (dilution) 365 experiments in which Isotrichidae were usually the first protozoa group to disappear (Rufener, 366 Nelson & Wolin 1963 , Slyter, Nelson & Wolin 1964 , Abe & Kumeno 1973 . While this 367 observation might partly explain the absence of Isotrichidae (see below), it does not explain 368 differences between Entodiniinae and Diplodiniinae. measured 369 generation times between 6.8-17.7 h in domestic sheep for a mixed protozoal fauna 370 (Entodiniinae 91.7%, Diplodiniinae 7.7%) without investigating changes in the protozoal 371 species composition during growth. Their data and findings by Dehority (2004) suggest that 372 generation times in general can adapt to ingesta turnover rates, are shorter than assumed based 373 on in vitro studies, and might be similar between groups. Although this is far from being 374 conclusive evidence, we suggest that the combined effect of diet and animal factors on rumen 375 pH, rather than differences in digesta retention, determines the composition of the protozoal 376 fauna in the rumen. 377
In spite of negative or positive associations of Isotrichidae with Entodiniinae and 380 Diplodiniinae in domestic ruminants, and the association of the latter with wild ruminants' 381 natural diets, Isotrichidae were not associated with Entodiniinae and only weakly associated 382 with Diplodiniinae (p=0.080) in wild ruminants. In addition, %grass did not influence 383
Isotrichidae. Isotrichidae may be less affected by changes in the diet than other protozoa 384 groups (Abe et al. 1973) . Notably, Isotrichidae were observed in relevant proportions not only 385 in large grazing ruminants, but also in the largest browsing ruminant, the giraffe (Giraffa 386 camelopardalis) ( Table 2 ). Isotrichidae occurred, at proportions above 1 %, only above BM 387 of 100 kg. Giesecke (1970) stated that Isotrichidae do not occur in small ruminants. 388
389
Isotrichidae are usually considered consumers of soluble carbohydrates, in particular mono-390 and disaccharides, but also some polysaccharides. In domestic ruminants, Isotrichidae reach 391 their highest density when soluble carbohydrates are readily available in the diet (Williams 392 1986 ). This appears similar to Entodiniinae, and based on this information, one would expect 393 a similar pattern in Isotrichidae as in Entodiniinae. This is not the case. In domestic cattle, the 394 proportion of Isotrichidae is clearly correlated to the proportion of Diplodiniinae (Fig. 1e) , 395 while in domestic sheep and wild ruminants, this correlation only tended towards significance 396 (Table 2 ; domestic sheep: data [not shown] from sources for Fig. 2; r=0.270, p=0.080, n=43) . 397
The proportion of Isotrichidae is negatively correlated to that of Entodiniinae in domestic 398 cattle and sheep (Fig. 1d, 2b ), but not so in wild ruminant species (Table 2) . Apparently, 399
Isotrichidae are favoured by some conditions that also favour Diplodiniinae, but additional 400 factors must play a role. For free-ranging ruminants, we do not suspect that larger species 401 ingest diets with higher amounts of soluble carbohydrates; on the contrary, large body size is 402 usually considered to correlate with the intake of lower-quality diets (Owen-Smith 1988 , 403 Codron et al. 2007b ); therefore, dietary factors known to trigger higher proportions of 404 Isotrichidae in domestic ruminants cannot be assumed to cause the observed increase in 405 Isotrichidae in larger free-ranging animals. These results indicate great complexity in the 406 ecology of holotrich protozoa. 407
408
The sequestration of Isotrichidae to the rumen and reticulum wall with periodical migration 409 into the rumen contents has been well described (Abe & Iriki 1989 , Dehority & Tirabasso 410 1989 ; this behaviour appears to be peculiar for Isotrichidae (Ankrah, Loerch & Dehority 411 1990) . In theory, a low-viscosity rumen fluid such as described in 'cattle-type' ruminants 412 (Clauss, Hume & Hummel 2010) should be ideal for such migrations; however, because 413 feeding type was not related to the proportion of Isotrichidae, we suspect other causes. Maybe 414 the larger reticulorumen of larger ruminants offers Isotrichidae more favourable conditions 415 due to larger differences in digesta flow between individual rumen regions. 416
417
Protozoa diversity and concentration 418
Protozoa diversity was not correlated with protozoa concentration (Table 2) . Therefore, 419 different factors must be responsible for the support of high protozoa diversity (body mass) 420 and high protozoa concentrations (feeding type). 421 422 Across wild ruminants, protozoa diversity is not correlated to feeding type (Fig. 5b, Table 3 ). 423
Previous assumptions in that direction might have been due to smaller datasets in which 424 larger grazers were compared with smaller browsers (Hungate 1966 , Giesecke & Van 425 Gylswyk 1975 , Dehority & Orpin 1997 . However, body mass is 426 an important factor for protozoa diversity (Fig. 5a, Table 3 ). This observation resembles the 427 finding that larger hosts also harbour a greater diversity of parasite species in their gut 428 (Ezenwa et al. 2006) . Diversity might therefore be mainly related to the size of the habitat 429 available for protozoa (or any other endobionts). 430
Protozoa concentration was correlated to the natural diet (Fig. 5d, Table 3 ). However, 432 browsers do not have consistently higher protozoa concentrations than grazers (Fig. 5d) ; 433 instead, the most extreme grazers are limited to low protozoa concentrations only, whereas 434 intermediate feeders and browsers are not. Actually, the range of protozoa concentrations 435 observed in browsers and intermediate feeders is similar to that reported for domestic cattle 436 and sheep ( Fig. 1 and 2) , which are mainly within the range of 50 -150 x 10 4 /ml. Thus, 437 extreme grass-based diets, or adaptations to such diets, represent a constraint on protozoa 438 concentrations in wild ruminants. One possible reason might be a decreased feeding 439 frequency in grazing ruminants as compared to browsers (Hummel et al. 2006b ) -which, in 440 domestic ruminants, is associated with lower protozoa concentrations (Moir & Somers 1956 , 441 Dehority 2003 . Because protozoa concentrations in domestic ruminants also increase with an 442 increasing proportion of easily digestible components in the diet (Müller 2010) , we assume 443 that the natural diet ingested by grazing ruminants is particularly unfavourable to protozoa. 444
Grass is characterised by a peculiar fibre composition with a low proportion of lignin as 445 compared to browse, which leads to a high proportion of slowly fermentable material 446 (Johnson 1976 , Holechek, Pieper & Herbel 2004 , Hummel et al. 2006b ). If we assume that 447 grazers react to this slow fermentation with long retention times and longer interfeeding 448 intervals, a low uptake of easily digestible components might be responsible for the general 449 low protozoa concentrations. Exactly which components of the diet of browsers and 450 intermediate feeders are related to higher protozoa concentrations remains to be investigated. 451
452
In general, rumen volume increases with BM (Parra 1978 , Demment 1982 , Clauss, Lechner-453 Doll & Streich 2003 but the rumen surface enlargement due to papillation does not (Clauss et 454 al. 2009b) . Therefore, the relation of rumen surface to rumen volume will be higher in smaller 455 ruminants as compared to larger ones (Clauss & Hummel 2005 . These findings were not included in the 465 calculation of species means, as protozoa were found in other individuals of these species. In 466 the case of roe deer and dikdik, the absence of protozoa could be explained by the solitary 467 nature of these species, where lack of contact to conspecifics might have prevented the 468 transmission of protozoa; however, this explanation does not apply to the gazelle species that 469 usually live in herds. These findings underline that protozoa are not essential for ruminant 470 survival and that the acquisition of protozoa is subject to a certain degree of chance. 471
472
Differences between wild and domestic ruminants 473
Differences between domestic and wild ruminants were noted in this study that could be 474 termed fundamental, due to the magnitude of the effect. In general, the proportion of 475 Diplodiniinae in wild ruminants is often higher than that observed in domestic cattle and 476 sheep (Fig. 1c, 2a and 4) , although the latter show the typical 'cattle-type' digestive 477 physiology. This difference reflect the general tendency for intensive feeding in domestic 478 animal husbandry and the general reliance of free-ranging herbivores on fibrous foods, and 479 thus indicate that dietary factors might be more important for the protozoal fauna than 480 digestive physiology. 481
Whereas Diplodiniinae appear to occur at lower proportions in domestic than in wild 483 ruminants, the opposite is the case for Isotrichidae (Fig.1d with a The results of this study document the influence of the natural diet on the protozoal fauna of 499 wild ruminants, with respect to protozoal concentration and the composition of the fauna, in 500 particular with respect to Entodiniinae and Diplodiniinae. This is in accord with the current 501 understanding of the ecology of these protozoal groups. In contrast, the occurrence of 502 Isotrichidae (holotrich protozoa) was not linked to the natural diet, but to BM -as was overall 503 protozoa diversity. Evidently, factors related to habitat size -rumen volume -are also 504 important for the protozoal fauna. The discrepancies detected between wild and domestic 505 ruminants with respect to the proportions of Diplodiniinae (higher in wild than in domestic 506 ruminants) and Isotrichidae (lower in wild than in domestic ruminants) remain to be 507 accounted for; similarly, apparently negative associations between Entodiniinae and 508 Isotrichidae in domestic ruminants warrant an explanation. The assumption that cattle 509 relatives are particularly suited for the harbouring of Isotrichidae should also be further 510 investigated. This study demonstrates that the ecology of host species, in particular the 511 feeding behaviour, indeed influences the ecology of their protozoal endobionts. 512 Clauss Table 1 , statistics in Table 2 ). Quantitative reports: Dogiel (1927) , Giesecke (1970) , Westerling (1970) , Dehority (1975) , , Imai et al. (Imai et al. 2004) 
Bison (Bison bison)
Quantitative reports: Pearson (1967) (free-ranging); , Varel and Dehority (1989) , Towne and Nagaraja (1990) (captivity) 
